Shear-enhanced adhesion, although not observed for fimbria-mediated adhesion of oral Actinomyces spp., was noted for Hsa-mediated adhesion of Streptococcus gordonii to sialic acid-containing receptors, an interaction implicated in the pathogenesis of infective endocarditis.
Colonization of the tooth surface involves adhesin-mediated interactions between different species of bacteria and between bacteria and salivary components adsorbed onto the acquired enamel pellicle (11, 16) . Examples include Hsa-mediated attachment of Streptococcus gordonii to ␣2-3-linked sialic acid termini of mucinous glycoproteins (18, 21, 23) , type 1 fimbriamediated attachment of Actinomyces oris (formerly Actinomyces naeslundii) to proline-rich proteins (PRPs) (9, 15) , and type 2 fimbria-mediated attachment of A. oris and of A. naeslundii to Gal␤1-3GalNAc motifs in mucins (15) . Type 2 fimbriae also recognize Gal␤1-3GalNAc motifs in cell surface receptor polysaccharides (RPS) of certain initial colonizing streptococci (4) . Importantly, all these interactions occur in the presence of soluble salivary components that are potential inhibitors of adhesion. Thus, to fulfill their biological role, the corresponding adhesins must be selective for surface-associated receptor molecules rather than for their soluble counterparts. For example, type 1 fimbria-mediated adhesion of actinomyces to surface-associated PRP is not inhibited by soluble PRP (8) ; exposure of a cryptic receptor on PRP molecules upon adsorption to the tooth surface was postulated. A different mechanism was suggested for type 2 fimbria-mediated adhesion of Actinomyces spp. in the presence of soluble mucins. In this case, heavily fimbriated cells were thought to bind with greater avidity to surface-associated receptors (5) .
Another explanation for bacterial adhesion in the presence of soluble receptors has emerged from recent studies on the effect of shear force on fimbria-mediated adhesion of Escherichia coli to mannose-containing receptors (17, 24, 25) . At low shear, cells attached weakly and rolled along the receptorcoated substratum. As shear was increased, cells became stationary; subsequent reduction in shear caused the cells to resume rolling. These reversible changes in adhesion strength were postulated to arise from shear-dependent drag force on bacteria when bound to surface-associated ligands. Structural data suggested that a shear-dependent conformational change in the mannose-binding fimbrial adhesin FimH resulted from the formation of a so-called catch bond that increased the strength of the adhesin-ligand interaction. This increase may favor recognition of surface-associated receptors over soluble receptors because soluble receptors are not subject to shear stress and thus cannot induce catch bond formation.
Examples of shear-enhanced adhesion also include the interaction between von Willebrand factor and GPIb␣ on platelets (7) and recognition of P-selectin by P-selectin glycoprotein ligand on leukocytes (12) . The present study addresses whether fimbria-mediated adhesion of Actinomyces spp. and Hsa-mediated adhesion of S. gordonii are shear enhanced.
Type 1 and type 2 fimbria-mediated adhesion of Actinomyces spp. Wild-type and mutant strains of the recently separated species A. oris (10) and A. naeslundii that bear different fimbriae (2, 6) were grown overnight at 37°C in static brain heart infusion broth (Oxoid, Hampshire, England) and then recultured for roughly 4 h prior to experiments. The Bioflux 100 (Fluxion Biosciences, South San Francisco, CA) uses pneumatic pressure to drive liquid through channels 400 m wide by 70 m deep; wall shear force (pascals) is controlled by associated software. Channels were conditioned for 75 min at 37°C with 150 l of 25% saliva (13), 25 g/ml asialofetuin (Sigma-Aldrich, St. Louis, MO) in 20 mM sodium bicarbonate buffer (pH 8.0), 5 g/ml PRP-1 (gift from D. Hay) in 20 mM sodium bicarbonate buffer or, as a control, phosphate-buffered saline (PBS; pH 7.4) and then washed with 3 volumes of PBS containing 1% bovine serum albumin (Sigma-Aldrich) (PBS-BSA). Experiments were performed at room temperature using PBS-washed cells resuspended to an optical density at 600 nm (OD 600 ) of 0.1 in PBS-BSA. In dynamic adhesion experiments, cell suspensions were passed through channels at a shear force of 5 Pa. Shear was then reduced stepwise to 2.5, 1, 0.5, 0.1, 0.05, and 0 Pa (i.e., no flow). Adherent bacteria (i.e., rolling cells and stationary cells) were recorded over a period of 5 min as digital video using a Hamamatsu (Hamamatsu Corp., Bridgewater, NJ) C8484-05C camera mounted on a Leica DM IRB inverted microscope (Leica Microsystems, Bannockburn, IL) and controlled by SimplePCI acquisition software (Hamamatsu Corp., Sewickley, PA). Counting was done with MetaMorph software (Molecular Devices, Downingtown, PA) (1). The shutter speed of the digital camera was set such that adherent bacteria (either stationary or rolling) were visible but unattached bacteria (i.e., those moving at the same velocity as the bulk liquid phase) were blurred out. Bacteria were defined as rolling if they moved more than one-half cell diameter over a period of 10 s. The number of bacteria observed within a field of view (375 m by 675 m) was never greater than 180, which represented Ͻ1% surface coverage. Therefore, interactions between bacteria were discounted. Experiments were repeated six times. Shear-enhanced experiments were subsequently performed in which cell suspension was flowed through the channels at low shear (0.01 Pa) and, after a sufficient number of cells had accumulated, shear was increased stepwise. The number of stationary and of rolling bacteria was determined as described above. In control experiments, the expected shear-enhanced adherence of E. coli to mannose-containing RNase B (1) was replicated.
In dynamic adhesion experiments, Actinomyces cells were not seen on buffer-treated control surfaces or on receptorcoated surfaces. However, following resumption of flow after the 5-min step at 0 Pa, adherence of these bacteria to saliva-, PRP-1-, or asialofetuin-conditioned surfaces was noted. Results shown in Fig. 1 were obtained at a shear force of 5 Pa; results obtained at lower shear forces (not shown) were similar. On saliva-conditioned glass (Fig. 1A) , A. oris wild-type strain T14V, which bears type 1 and type 2 fimbriae (1 ϩ 2 ϩ ), adhered in greater numbers than either of the fimbria-deficient mutant strains 5519 (1 ϩ 2 Ϫ ) and 5951 (1 Ϫ 2 ϩ ). The strains bearing type 1 fimbriae (T14V and 5519) were attached as stationary cells across the range of shear force, whereas the strain bearing only type 2 fimbriae (5951) rolled across the surface.
All strains were stationary on glass conditioned with PRP-1, the receptor for type 1 fimbriae (Fig. 1B) , but most cells were rolling on the asialofetuin film, which supports type 2 fimbriamediated adhesion (Fig. 1C) . The involvement of type 1 fimbriae in adhesion to adsorbed PRP-1 was evident from much greater binding of strains T14V and 5519 than of the type 1-deficient strain 5951. Likewise, the role of type 2 fimbriae in adhesion to adsorbed asialofetuin was clear from much greater binding of strains T14V and 5951 than of the type 2-deficient strain 5519. A. naeslundii strain WVU45, which bears only type 2 fimbriae, also rolled on asialofetuin-coated glass, but its fimbria-deficient mutant strain WVU45M was nonadherent. Importantly, the proportions of rolling and stationary cells of all Actinomyces strains remained essentially the same as shear force was increased from 0.05 to 5 Pa (data not shown).
Although shear-enhanced adhesion of Actinomyces was not observed, it might be detected under different experimental conditions. In this regard, type 2 fimbria-mediated coaggregations of actinomyces with RPS-bearing streptococci are enhanced by vortex mixing (3); these coaggregates dissipate on standing and reform upon subsequent mixing. Likewise, shear from on-slide rocking promotes agglutination of guinea pig red blood cells by E. coli (25) . Whether the ability of shear to promote bacterial coaggregation depends on increased contact between complementary cell types or, alternatively, on the formation of a catch bond remains to be determined.
Hsa-mediated adhesion of S. gordonii. S. gordonii DL1 and its Hsa-deficient mutant strain D102 (19, 21) , both of which typically appear as single cells or short chains, were prepared as described above for actinomyces strains. In control experiments, these streptococci did not adhere to PBS-or asialofetuin-conditioned substrata (results not shown). In addition, dynamic adhesion of Hsa-deficient strain D102 to fetuin, an Hsa receptor, was minimal over the range of shear stress ( Fig.  2A) . Adhesion of Hsa-bearing strain DL1 to saliva-or fetuinconditioned glass was negligible at high flow rates (5 or 3 Pa) but increased as flow rate decreased and reached maximum at 0.01 Pa (Fig. 2A) . In further experiments (10 repetitions) bacteria were allowed to adhere at 0.01 Pa for approximately 5 min to permit sufficient accumulation of bound bacteria. Flow rate was then increased through a series of sequential 5-min steps. The initial fraction (at 0.01 Pa) of stationary cells bound to glass conditioned with 5 g/ml fetuin, 25 g/ml fetuin, or FIG. 1. Dynamic adhesion experiment with A. oris T14V bearing type 1 and type 2 fimbriae (1 ϩ 2 ϩ ), A. naeslundii WVU45 bearing type 2 fimbriae (2 ϩ ), or different fimbria-deficient mutants (fimbria production in parentheses) on glass coated with 25% saliva (A), 5 g/ml PRP-1 (B), or 25 g/ml asialofetuin (C). Cell suspensions were pumped into channels of a Bioflux 100 plate, and after a 5-min adherence period at 5 Pa, the shear force was decreased over sequential 5-min intervals to 2.5, 1, 0.5, 0.1, 0.05, and 0 Pa (i.e., no flow). Mean values for total cells bound (rolling plus stationary; filled bars, rolling cells; open bars, stationary cells) and exact 95% confidence intervals for a Poisson variable were calculated from six repetitions. Adherence was recorded only upon application of shear force after flow had reached 0, after which shear was increased stepwise as in shear-enhanced experiments. The values shown are those recorded at the system's highest shear force (5 Pa); the number of cells bound as well as the fraction of stationary cells remained essentially the same for each strain regardless of shear force, i.e., neither typical dynamic adhesion nor shear-enhanced adhesion was seen.
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25% saliva was, respectively, approximately 0.1, 0.4, and 0.6 (Fig. 2B) . As shear was increased to 5 Pa, the fraction of stationary cells increased to 1 on all films with no apparent loss of adherent bacteria (i.e., rolling plus stationary cells). Thus, a shear-dependent increase in the strength of Hsa-mediated adhesion occurred. The reversible nature of this effect was demonstrated by increasing the shear on DL1 cells adherent to fetuin from 0.05 to 2.5 Pa for 1 min and then returning to the starting value. In response, a sizeable fraction of the rolling cells became stationary at the higher shear and resumed rolling when shear was reduced (Fig. 3) . Video S1 in the supplemental material (accelerated recording of the period 45 to 77 s) shows the conversion of weakly attached rolling cells to firmly attached stationary cells. Shear enhancement of binding of S. gordonii to adsorbed sialic acid-containing receptors raises the possibility that Hsa is a catch bond adhesin. While initial studies of Hsa failed to detect binding of the native antigen (i.e., Hs antigen) to surface-associated sialic acid-containing receptors (19) , binding of a glutathione S-transferase (GST) fusion protein containing the amino-terminal sialic acid binding domain was readily detected (22) . These observations suggest that Hsa, like FimH of E. coli (17) , may exist in low-and high-affinity conformations. In addition to a possible role for catch bond formation in oral colonization, Hsa (of S. gordonii DL1) and the closely related GspB (of S. gordonii M99) are virulence determinants in a rat model of infective endocarditis (20, 27) . While the precise role of these adhesins in pathogenesis remains to be established, they do mediate binding of streptococci to cell surface mucins on platelets (22, 28) and host phagocytes (14, 26) and thereby may contribute to the tropism of circulating bacteria for damaged heart valves. The possibility that such interactions are shear enhanced may contribute to the persistence of streptococci in a turbulent environment. 
